Introduction
============

Ovarian cancer remains one of the main causes of gynecological cancer deaths in women worldwide.[@b1-ott-11-6031] It is estimated that the 5-year survival rate for ovarian cancer is 25% for advanced-stage disease, which is when 85% of the patients are diagnosed.[@b2-ott-11-6031] The poor survival rate is primarily due to our poor understanding of the disease in addition to the asymptomatic nature of this cancer in the early stages. In recent years, cytoreductive surgery and chemotherapy with platinum are the recommended standard treatments for advanced ovarian cancer.[@b3-ott-11-6031] Unfortunately, more than half of the advanced ovarian cancer patients will ultimately develop recurrence and acquire a chemoresistance to platinum.[@b4-ott-11-6031],[@b5-ott-11-6031] The treatment of these platinum-refractory patients therefore requires the development of alternative therapies.

*Gypsophila oldhamiana*, a plant which is rich in saponin, has been used in the treatment of fever, consumptive diseases, and infantile malnutrition in Chinese.[@b6-ott-11-6031] Previous phytochemical studies on this species had reported that a new triterpenoid saponin called oldhamianoside possessed many pharmacological activities, including antioxidant, immunomodulatory, and antitumor effects.[@b5-ott-11-6031],[@b7-ott-11-6031],[@b8-ott-11-6031] It is well known that saponin could exert antitumor activity by several mechanisms, which include cell cycle arrest, growth factor signaling modulation, cellular migration, angiogenesis, and apoptosis induction. Some studies also indicated that oldhamianoside can effectively inhibit tumor growth, induce tumor cell apoptosis, prevent tumor angiogenesis, and inhibit cancer cell migration.[@b7-ott-11-6031],[@b8-ott-11-6031] In this study, we explore the growth inhibition effect of oldhamianoside in human ovarian cancer SKOV3 cells and the nude mice xenograft model and further examine the molecular mechanisms of oldhamianoside.

Materials and methods
=====================

Chemicals
---------

Oldhamianoside was isolated from *G. oldhamiana*, and the purity of oldhamianoside as measured by high-performance liquid chromatography was \>98%.

Cell culture
------------

Human ovarian cancer SKOV3 cells were obtained from Wuhan Boster Biological Engineering Co., Ltd (Wuhan, Hubei, China). Cells were routinely cultured in RPMI-1640 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin, at a 37°C humid atmosphere with 5% CO~2~ and 95% air.

CCK-8 assay
-----------

Cells were seeded in 96-well plates (5×10^3^ per well) and incubated with increasing concentrations of oldhamianoside (5, 10, 20, 40, 80, and 160 μM) for 24, 48, and 72 hours, respectively. The controls were treated with an equal volume of compound vehicle DMSO. Cell viability was evaluated by a WST-8 Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Briefly, CCK-8 solution (10 μL) was added to each well after the corresponding compound and the cultures were incubated at 37°C for 1 hour. Absorbance at 450 nm was measured using a THERMOmax microplate reader (Molecular Devices LLC, Sunnyvale, CA, USA).

Establishment of a xenograft mice model and grouping
----------------------------------------------------

BALB/C nude mice (female, 4--6 weeks old, 16--17 g body weight) were purchased from Changzhou Card Vince Laboratory Animal Co., Ltd (SPF grade, Certificate No SCXK20150004; Changzhou, China). All animals were housed under pathogen-free conditions with a 12-hour light/dark cycle. All animal procedures were performed and approved by the institutional guidelines of Animal Care and Use Committee at Shandong Academy of Medical Science.

To establish an SKOV3 tumor implantation mouse model, SKOV3 cell suspension (1×10^6^ cells per 0.2 mL per mouse) was injected subcutaneously in the scapular region. Mice were then randomized into the following five groups (n=12 each group): model group; cis-diamminedichloroplatinum II dichloride (DDP) group (positive control for the tumor inhibition efficiency); 5.0 mg/kg oldhamianoside group; 10.0 mg/kg oldhamianoside group; and 20.0 mg/kg oldhamianoside group. The dose of oldhamianoside was chosen based on our primary experiments. One week after the implantation, mice in the oldhamianoside group were intraperitoneally injected oldhamianoside (5.0, 10.0, and 20.0 mg/kg) for 10 days. Mice in the DDP group were administered DDP at a dose of 1.5 mg/kg for 10 days. Solvent alone was given in the model group.

The sizes of tumors and body weights were measured prior to treatment and twice a week once the treatment was initiated. The volume was measured by a caliper and calculated using the formula V=(ab2)/2, where "a" is the long axis and "b" is the short axis. Mice were checked daily for any signs of illness. After administration of compound for 10 days, mice were euthanized via cervical dislocation, and the tumors were removed for weighing and further analysis. The inhibition rate of tumor growth was defined as a percentage of model control tumor weight. Blood samples were collected for biochemical analysis.

Histological evaluation
-----------------------

Tumor tissues were fixed in neutral formalin. Four μm thick sections were prepared and stained with HE solution. Pathological changes were observed under a light microscope.

Quantification of inflammatory makers in animal models
------------------------------------------------------

The level of TNF-α was measured using ELISA kit (Beijing BLKW Biotechnology Co., Ltd, Beijing, China) according to manufacturer's protocol. Levels of IL-6 and MCP-1 in plasma were estimated by ELISA according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Western blotting analysis
-------------------------

Tumor tissues of the xenograft mice model from different groups were homogenized in RIPA lysis buffer, containing protease inhibitor cocktail EDTA-free, and then were centrifuged at 15,000 rpm for 15 minutes. The supernatants were collected, and the total protein concentration was determined using the bicinchoninic acid (BCA) kit (Chengdu Must Biotechnology Co., Ltd, Chengdu, China). Tumor lysates (20 μg) were subsequently subjected to 12% SDS-PAGE gels and transferred to a nitrocellulose membrane. After blocking with 5% non-fat dry milk at room temperature for 2 hours, the primary antibodies of vascular endothelial growth factor (VEGF, 1:2,000; Cell Signaling Technology, Danvers, MA, USA), anti-phospho-VEGF receptor 2 (Cell Signaling Technology), caspase-3 (1:1,000; Cell Signaling Technology), Bcl-2 (1:1,000; Cell Signaling Technology), Bax (1:1,000; Cell Signaling Technology), and β-actin (1:1,000; Cell Signaling Technology) were added and incubated overnight. Subsequently, the membrane was then washed in TBS+Tween and incubated with horseradish peroxidase-conjugated secondary antibodies. Protein bands were detected by enhanced chemiluminescent reagents (Amersham Biosciences, Sydney, NSW, Australia).

Statistical analysis
--------------------

Statistical analysis was implemented using SPSS 18.0 (SPSS Inc., Chicago, IL, USA) for windows. All data were reported as mean±SD, and differences between groups were evaluated by one-way ANOVA followed by Tukey's multiple range test. A *P*-value of \<0.05 was considered statistically significant.

Results
=======

Detection of retinoblastoma cell growth
---------------------------------------

As shown in [Figure 1](#f1-ott-11-6031){ref-type="fig"}, oldhamianoside inhibited SKOV3 cell proliferation in a dose- and time-dependent pattern. The inhibition rate was only 1.45% at the concentration of 5 μM after 24 hours of treatment with oldhamianoside. Then, at a concentration of 160 μM, the inhibition rates were increased to 68.76% after 24 hours of treatment with oldhamianoside, 68.66% after 48 hours of treatment with oldhamianoside, and 73.27% after 72 hours of treatment with oldhamianoside, respectively ([Figure 1](#f1-ott-11-6031){ref-type="fig"}). The results showed a notable inhibition effect of oldhamianoside on SKOV3 proliferation.

Inhibitory effect of oldhamianoside on SKOV3 tumors in nude mice
----------------------------------------------------------------

The inhibitory effect of oldhamianoside on SKOV3 tumors in nude mice was evaluated by the weight and volume of the tumor tissues. Two weeks after injecting SKOV3 cells, the weight of tumors in the model group increased to 1.84±0.31 g, whereas 5.0, 10.0, and 20.0 mg/kg oldhamianoside significantly reduced the tumor weight to 0.96±0.18 g (47.83% inhibition), 0.88±0.22 g (52.17% inhibition), and 0.78±0.21 g (57.61% inhibition), respectively. Moreover, oldhamianoside treatment at different doses was generally well tolerated by mice with no apparent loss of body weight compared with the model group. DDP not only inhibited SKOV3 tumor growth with 60.87% inhibition but also significantly reduced the body weight of mice. The tumor volume was also assessed after a 2-week growth. As shown in [Table 1](#t1-ott-11-6031){ref-type="table"}, the average volume of tumors in model mice was 898 mm^3^ after a 2-week growth, which was significantly reduced by oldhamianoside treatment.

To assess the effects of oldhamianoside on histological changes in SKOV3 tumors, HE staining was used. SKOV3 tumors from the model group showed significant inflammatory infiltration, diffuse distribution cells, round or oval cells with lumpy or nested arrangement, large nuclei stained and irregular, and nuclear cytoplasm ratio imbalance with tumor giant nuclear mitotic, whereas oldhamianoside treatment ameliorated cell morphology, and it showed marked upturn with gradual increases in the doses of oldhamianoside ([Figure 2](#f2-ott-11-6031){ref-type="fig"}).

Oldhamianoside decreased the inflammatory factors
-------------------------------------------------

To identify the anti-inflammatory property of oldhamianoside, the levels of inflammatory mediators including TNF-α, MCP-1, and IL-6 in plasma were measured by ELISA. As demonstrated in [Figure 3](#f3-ott-11-6031){ref-type="fig"}, in contrast to the model group, the levels of above-mentioned factors were markedly decreased after being treated with oldhamianoside in a dose-dependent manner.

Effects of oldhamianoside on VEGF and VEGFR2 expression in vitro and in ovarian tumor tissue
--------------------------------------------------------------------------------------------

The expression of VEGF in SKOV3 and in ovarian SKOV3 tumors was examined by Western blot. As shown in [Figure 4](#f4-ott-11-6031){ref-type="fig"}, the expressions of VEGF and VEGFR were significantly decreased in ovarian tumorigenesis by oldhamianoside treatment in a dose-dependent manner.

Effects of oldhamianoside on cell apoptosis
-------------------------------------------

Caspase-3 is a critical executioner of apoptosis either partially or totally responsible for the proteolytic cleavage of many key proteins. The expression of caspase-3 was also detected, and our results revealed that the expression of both caspase-3 and cleaved caspase-3 was elevated ([Figure 5](#f5-ott-11-6031){ref-type="fig"}).

We also examined the protein levels of Bax and Bcl-2, which are known as the indicators of apoptosis. As shown in [Figure 5](#f5-ott-11-6031){ref-type="fig"}, oldhamianoside treatment showed a significant increase in Bax and a significant decrease in Bcl-2 than in the model group. The Bcl-2/Bax ratio also decreased from 2.23 to 0.51.

Discussion
==========

In this study, we examined the inhibitory effects of oldhamianoside on tumor growth, inflammatory makers, angiogenesis, and apoptosis using an SKOV3 tumor mouse model. The results indicated that oldhamianoside delayed tumor growth and decreased the levels of MCP-1 and IL-6. Furthermore, oldhamianoside reduced the expression of VEGF in tumor tissues and decreased the Bcl-2/Bax ratio.

In an SKOV3 tumor xenograft model, oldhamianoside (5.0, 10.0, and 20.0 mg/kg) suppressed ovarian tumor growth. Although the tumor growth inhibitory effect in the oldhamianoside group was less than that of the DDP group, it showed little effect on the loss of body weight. The tumor microenvironment, consisting of cancer and its surrounding cells, soluble factors, and extracellular matrix, is increasingly recognized as a significant factor in cancer treatment response.[@b9-ott-11-6031],[@b10-ott-11-6031] Indeed, several anticancer agents have been demonstrated to exert anticancer activities by regulating the tumor microenvironment.[@b11-ott-11-6031],[@b12-ott-11-6031] Increase in inflammatory stress has been reported to be correlated with the development of different types of cancers, and several studies suggested that chronic inflammation plays an important role in cancer development. TNF has been shown to induce VEGF and other cytokines. In this regard, we speculate that oldhamianoside might affect not only tumor cells but also other cells, such as macrophages, in animal models. Oldhamianoside might also have multiple effects in ovarian cancer cells; in addition to direct growth inhibition, it might affect the growth and inflammatory factors produced by cancer cells. IL-6 and MCP-1 are two important chemokines, which play critical roles in regulating host immune responses. Research has shown that MCP-1 and IL-6 may greatly participate in the development of different cancers.[@b13-ott-11-6031],[@b14-ott-11-6031] Our results showed that TNF-α, MCP-1, and IL-6 were reduced by oldhamianoside, which suggested that the inhibitory effect of ovarian cancer might be associated with the decrease in inflammation cytokine production.

Angiogenesis, a key step in tumor growth, can be induced by proangiogenic factors such as the fibroblast growth factor, angiopoietin, platelet-derived growth factor, and VEGF. VEGF has been shown to support both physiological vasculogenesis and cancer vascular network and is upregulated in many cancer cell types.[@b15-ott-11-6031] Yamamoto et al[@b16-ott-11-6031] found that VEGF contributes to tumor progression in a vast majority of ovarian tumors. The stimulation of endothelial cell motility and the growth of newly formed vessel formation are mediated by its activation of m-calpain via protein kinase A (PKA) activation.[@b17-ott-11-6031] The VEGF family members induce proliferation, migration, and differentiation of endothelial cells, the major component of angiogenesis and lymphogenesis, by binding to VEGF receptor tyrosine kinases on endothelial cells.[@b18-ott-11-6031],[@b19-ott-11-6031] As knowledge on the multistep process of angiogenesis accumulates, more is being understood about how other pathways within the cell that have to be dysregulated in cancer, such as apoptosis, interact with angiogenesis.[@b20-ott-11-6031] Our results confirmed that oldhamianoside treatment clearly reduced the expression of VEGF, which allowed us to elucidate a novel antitumorigenic and anti-angiogenic feature of oldhamianoside.

Apoptosis-inducing agents are being investigated as tools for the management of cancer treatment. In mammalian cells, apoptotic cell death is critically governed by the balance between anti-apoptotic proteins, such as Bcl-2 and Bcl-xL, and pro-apoptotic proteins, including Bax and Bak.[@b20-ott-11-6031],[@b21-ott-11-6031] The induction of apoptosis is usually associated with down-regulation of Bcl-2 and upregulation of Bax expression in human cancer cell lines.[@b22-ott-11-6031] Similarly, this study also shows that oldhamianoside treatment downregulates the expression of Bcl-2 and upregulates Bax in human ovarian cancer SKOV3 tumor.

Conclusion
==========

This study provided evidence in vivo that oldhamianoside inhibits SKOV3 tumor growth, decreases the inflammatory response, prevents angiogenesis in tumor, and induces tumor cell apoptosis, suggesting that oldhamianoside is a potential compound candidate for the treatment of cancer and for the prevention of metastasis.
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![Oldhamianoside induced growth inhibition in SKOV3 cells.\
**Notes:** Cells were treated with increasing concentrations of oldhamianoside for up to 72 hours. Viable cells are reported as a percentage of untreated control. Bars indicate mean±SD (n=3). ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 vs the model group.\
**Abbreviation:** h, hours.](ott-11-6031Fig1){#f1-ott-11-6031}

![Effects of oldhamianoside on histopathological changes in SKOV3 tumors (×200).\
**Notes:** (**A**) Model group; (**B**) DDP group; (**C**) 5.0 mg/kg oldhamianoside group; (**D**) 10.0 mg/kg oldhamianoside group; and (**E**) 20.0 mg/kg oldhamianoside group.\
**Abbreviation:** DDP, cis-diamminedichloroplatinum II dichloride.](ott-11-6031Fig2){#f2-ott-11-6031}

![Oldhamianoside decreased (**A**) TNF-α, (**B**) MCP-1, and (**C**) IL-6 levels in plasma.\
**Notes:** Data are presented as mean±SD. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 vs the model group. Experiments were performed in triplicate separately.](ott-11-6031Fig3){#f3-ott-11-6031}

![Oldhamianoside decreased VEGF and VEGFR2 expression.\
**Notes:** Data are presented as mean±SD. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 vs the model group.](ott-11-6031Fig4){#f4-ott-11-6031}

![Oldhamianoside modulated apoptosis-related proteins expressions in ovarian tumorigenesis.\
**Notes:** (**A**) Expression of caspase-3 in tumor tissues from different groups and (**B**) expression of Bcl-2 and Bax in tumor tissues from different groups. Bars indicate mean±SD. Experiments were performed in triplicate separately. *^\*^P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 vs the model group.](ott-11-6031Fig5){#f5-ott-11-6031}

###### 

Inhibitory effects of oldhamianoside on SKOV3 tumors in nude mice (mean±SD)

  Groups           Body weight (g) Initial/2 weeks   Tumor weight (g)   Inhibition rate (%)                                 Tumor volume (mm^3^)
  ---------------- --------------------------------- ------------------ --------------------------------------------------- -------------------------------------------------------------------------------------------------------
  Model group      16.8±1.8/19.3±2.2                 1.84±0.31          This value does not exist                           732.8±76.7
  DDP group        16.9±1.6/16.6±2.2                 0.72±0.12          60.87                                               276.3±43.2[\*\*](#tfn2-ott-11-6031){ref-type="table-fn"}
  Oldhamianoside                                                                                                            
   5.0 mg/kg       17.1±1.9/18.7±2.3                 0.96±0.18          47.83[\#](#tfn3-ott-11-6031){ref-type="table-fn"}   496.3±51.4[\*\*](#tfn2-ott-11-6031){ref-type="table-fn"},[\#](#tfn3-ott-11-6031){ref-type="table-fn"}
   10.0 mg/kg      16.8±2.3/18.7±3.1                 0.88±0.22          52.17                                               412.9±56.8[\*\*](#tfn2-ott-11-6031){ref-type="table-fn"}
   20.0 mg/kg      16.8±1.9/18.1±2.4                 0.78±0.21          57.61                                               289.2±23.4[\*\*](#tfn2-ott-11-6031){ref-type="table-fn"}

**Notes:** Data are presented as mean±SD.

*P*\<0.01 vs model group;

*P*\<0.05 vs the DDP group.

**Abbreviation:** DDP, cis-diamminedichloroplatinum II dichloride.
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